The analysis of morphology, sedimentary facies, palynology, carbon and nitrogen isotopes, C/N ratio and radiocarbon data from tidal flats sediments influenced by the Amazon River indicates that vegetation development during the last 5000 cal. yr BP was controlled by morphological changes associated with marine and fluvial process. The proximal portion of the tidal flat corresponds to abandoned channels surrounded by terrestrial vegetation since 5280-5160 cal. yr BP. During the last 2840-2750 cal. yr BP, autochthonous organic material became prevalent as well as the increase in contribution of terrestrial organic matter mainly from 'várzea' vegetation. Herbaceous plants already colonized the tidal flat before 3170-2970 cal. yr BP, and after 2630-2310 cal. yr BP and 1350-1290 cal. yr BP they were replaced by mangrove vegetation following the development of secondary channels connected to the sea with brackish water influence. Furthermore, the erosion of the herbaceous field to form chenier ridges/tidal mixed flat after 3170-2970 cal. yr BP and before 220-140 cal. yr BP in the distal portion of the tidal flat suggests an overall interpretation of a retrogradation cycle. This process was driven by a relative sea-level rise influenced by the increase of Amazon discharge during the late Holocene.
Introduction
The northern Brazilian mangroves are part of a tidal flat system that extends for almost 480 km and has one of the world's largest mangrove areas (Kjerfve and Lacerda, 1993) . The continuity of this mangrove (brackish water forest) littoral is interrupted by the zone influenced by discharge of the Amazon River where the 'várzea' (seasonally flooded freshwater forests) vegetation dominates (Cohen et al., 2008) . The mangrove zones are a response to the gradients of tidal inundation frequency, waterlogging, nutrient availability and sediment salt concentrations across the intertidal area (Hutchings and Saenger, 1987; Wolanski et al., 1990) .
The geomorphic setting of mangrove systems comprises a range of inter-related factors such as substrate types, coastal processes, sediment and freshwater delivery, all of which influence the occurrence and survival of mangroves (Semeniuk, 1994) . Therefore, changes in coastal vegetation distribution may be interpreted as a reflex of the geomorphology (e.g. Fromard et al., 2004; Lara and Cohen, 2009; Souza Filho et al., 2006 since its development and expansion are determined by continentocean interaction, morphology, tidal regime and frequency (Cohen and Lara, 2003; Gornitz, 1991) and the flow of energy (Woodroffe et al., 1989) . However, an empirical model based on an ecohydrological approach allowed the integration of hydrographical, topographical and physicochemical information with vegetation characteristics of mangroves and marshes. Thus, under the same morphological condition, change in pore water salinity is the main factor displacing the wetland boundaries in northern Brazil (Cohen and Lara, 2003; Lara and Cohen, 2006) . In this case, coastal vegetation may be eroded and migrate landward owing to higher inundation frequency related to relative sea-level changes. Also, internal vegetation domains on elevated mudflats will be subject to boundary adjustments since mangroves would migrate to higher locations and could invade these areas as consequence of changes in porewater salinity, resulting in a retrogradational pattern (Cohen and Lara, 2003) . The conjunction of those factors allows the mangroves to be considered highly susceptible to climatic and relative sea-level changes (e.g. Alongi, 2008; Cohen et al., 2009; Lara and Cohen, 2009 ).
Regarding the relative sea level, the postglacial sea-level rise caused a marine incursion along the northern Brazilian region, and the modern relative sea level was established between 7000 and 5000 cal. yr BP (Behling and Costa, 2001; Cohen et al., 2005; Souza Filho et al., 2006; Vedel et al., 2006) . According to Guimarães et al. (2012) , the Amazon River inflow was lower than today during the mid Holocene, which allowed an increase of marine influence near the mouth of the Amazon River. Afterward, the retraction of mangrove and 463097H OL23410.1177 /09596836 12463097The HoloceneGuimarães et al. 2012 1
Morphological and vegetation changes on tidal flats of the Amazon Coast during the last 5000 cal. yr BP expansion of freshwater vegetation during the late Holocene indicate the return of more humid climate conditions and the rise of Amazon River inflow. Several palaeoecological studies in the Amazon region also indicate a drier climate during the mid Holocene and a wet period during the late Holocene (e.g. Absy et al., 1991; Behling and Hooghiemstra, 2000; Bush and Colinvaux, 1988; Bush et al., 2007; Desjardins et al., 1996; Freitas et al., 2001; Pessenda et al., 1998 Pessenda et al., , 2001 Sifeddine et al., 1994 Sifeddine et al., , 2001 Weng et al., 2002) . Along the littoral of the town of Amapá, the marine influence allowed the maintenance of mangrove vegetation at least during the last 2350-2300 cal. yr BP and the increase in Amazon River inflow during the late Holocene was not strong enough to result in the total replacement of mangrove by 'várzea' and/or inundated fields, such as occurred near the mouth of the Amazon River after 5290-5150 cal. yr BP (Guimarães et al., 2012) .
The Amapá littoral is currently colonized by mangroves and dominated by tidal flats with a macrotidal regime (4-5 m amplitude). The Amazon River's discharge supplies about 20% of the particulate flow reaching the coast in the form of shorefaceattached mud banks that tend to evolve into tidal mud flats, since mud banks act as a barrier to coastal erosion by significantly reducing the incident wave energy (Allison et al., 1995; ANA, 2003; Gallo and Vinzon, 2005; Jiang and Mehta, 1996; Meade et al., 1985) . However, the deposition of muddy sediments was not constant during the last 5000 years (e.g. Sommerfield et al., 2004) , which allowed the development of several chenier ridges during intervening/inter-bank phases (e.g. Baltzer et al., 2004; Silveira, 1998) . Therefore, this work presents a detailed description of morphological and vegetation changes on tidal flats of the Amapá coast during the last 5000 cal. yr BP using geomorphology, sedimentary facies, palynology, δ 13 C, δ 15 N, C/N and radiocarbon data in order to identify and discuss the relationship between the main morphological processes and vegetation patterns, as well as the driving forces to changes of coastal geomorphology after the post-dry period of the mid Holocene in the Amazon basin.
Study area

Geological and physiographic setting
The study area is located in the Amapá Platform that corresponds to emerged and submerged continental areas continuously stable during several episodes of distensional tectonics followed by the break up of Gondwana and the Equatorial Atlantic opening during the Jurassic/early Cretaceous (Azevedo, 1991; Szatmari et al., 1987) . The regional geology includes Mesoarchean-Devonian crystalline and metasedimentary rocks in the western part, and Pleistocene sandstone and conglomerates in the eastern part interpreted as tidal depositional systems (Souza and Pinheiro, 2009) , which are geomorphologically related to the Amapá Hills and Pleistocene plain, respectively. From the Late Pleistocene to the Holocene, erosional and depositional processes resulting from climatic and sea-level changes, with tectonic processes, shaped the relief of the Amapá coast, resulting in its current configuration (Lima et al., 1991) . Therefore, extensive north-south trending Holocene terraces composed of sand and mud have developed along the coastal plain adjacent to the mouth of Amazon River (Figure 1a, b) .
The main sedimentary systems of the coastal plain are tidal flats, which present tide-dominated rivers, palaeochannels, lakes, lake belts, 'várzea' (flooded freshwater forests on inter-and supratidal flats), herbaceous fields (freshwater herbs located on supratidal flats), mangroves (flooded brackish water forest located on intertidal flats), cheniers, elongated tidal mud bars (ETMB), tidal mud and mixed flat (Figure 1b, c) .
The facies models of tidal flats generally consist of a finingupward sequence containing three main members, which may be used, with caution, as architectural elements to the identification of tidal flats deposits (Dalrymple, 1992; Klein, 1977; Reineck and Singh, 1980; Van Straaten, 1961; Weimer et al., 1982) . The basal member (subtidal) consists of sand containing herringbone crossstratification, unimodally oriented cross-stratification, reactivation surfaces, superimposed current ripples on top of cross-strata or preserved dunes, washouts and ripples, locally sand pebbles can be identified matrix-supported. The nature of this matrix can also be muddy, depending on the sediment supply. The structures indicate a regime of bedload tidal current transport with possible time-velocity asymmetry. The second member (e.g. intertidal) consists of mixed lithologies of interbedded sands and muds fashioned into current ripples, lenticular, wavy and flaser bedding. A depositional process consisting of alternation of bedload and suspension deposition processes dominates this setting. The uppermost member (e.g. supratidal or upper intertidal) consists of mud with parallel laminae, mudcraks and bioturbation. It represents the high tidal flat environment dominated by a suspension process that occurs during few days a year (after Klein, 1971) .
Floristic studies by , Costa Neto and Silva (2004) , Carvalho et al. (2006) and Costa Neto et al. (2007) described geobotanical and land use units. For the study site ( Figure 1c and Table 1 ), a vegetation survey based on qualitative descriptions was carried out. Therefore, the modern vegetation is characterized by well-developed mangrove forests near the coastline, herbs vegetation (supratidal) and 'várzea' (seasonally flooded freshwater forests).
Climate and hydrology
The Atlantic Intertropical Convergence Zone (ITCZ) delimits the boundary between the southeast and northeast Atlantic trade winds and is associated with a zonal band of low pressure and high precipitation that occurs over the ocean basin and South America (Peterson and Haug, 2006) . The seasonal migration of the ITCZ plays a major role in controlling the patterns of rainfall over the northern coast of South America since it transports moist air from the Atlantic Ocean to the continent (e.g. Poveda and Mesa, 1997) . Therefore, the climate of the study site is humid tropical characterized by well-defined dry (September to December) and wet (January to July) seasons, with annual average precipitation and temperature around 3000 mm and 27.5°C, respectively (Bezerra et al., 1990) . The mean discharge of the Amazon River is approximately 170,000 m 3 /s (at the town of Óbidos), with maximum and minimum outflow of 270,000 and 60,000 m 3 /s in wet and dry seasons, respectively (ANA, 2003) . This discharge contributes ~1.2 × 10 9 tons/yr of sediment (Meade et al., 1985) . However, new mean outflow estimation is approximately 203,000 m 3 /s and sediment discharge about 754 × 10 6 tons/yr (Martinez et al., 2009) . The Amazon estuary is classified as semi-diurnal macrotidal (Pugh, 1987) , with a tidal range of 4-6 m (Gallo and Vinzon, 2005) . The structure of the plume is controlled by the North Brazilian Current, which induces a northwestern flow with speeds of 40-80 cm/s over the continental shelf (Lentz, 1995) , strong tidal currents (Beardsley et al., 1995) , trade winds and the ITCZ (Lentz and Limeburner, 1995) . Consequently, the river discharge and hydrodynamic conditions allow a strong reduction of water salinity along the Amazon River and adjacent coast (Rosario et al., 2009; Vinzon et al., 2008) .
The mud supplied from the Amazon River is reworked on the Amazon shelf of Brazil (Amasseds, 1990) and is finally transported northwestward. Of this sediment, 60-70% is advected in a highly turbid suspension layer by tidal and local currents, and the rest migrates as shoreface-attached mud banks (Lefebvre et al., 2004; Wells and Coleman, 1978) . The Amapá coast appears to be the location of mud bank generation for the entire northeastern coast of South America (Allison et al., 2000) . These mud banks are spaced at intervals of 15-25 km, separated by interbank areas, and are up to 5 m thick, 10-60 km long and 20-30 km wide, and migrate along the Amazon-influenced muddy coast from 1 to >5 km/yr (Gardel and Gratiot, 2005) , in water depths of <5 to 20 m over a modern upper shoreface mud wedge created from deposition of previous mud banks (Allison et al., 2000) .
The sediments that escape from the Amazon shelf supply mud banks with approximately 1.5 × 10 8 tons/yr of Amazon sediment while another similar quantity per year is transported in turbid suspension (suspended-sediment concentration >1 g/l) in the coastal zone. These mechanisms transport an amount equivalent to about 15-20% of the Amazon sediment outflow (Eisma et al., 1991; Wells and Coleman, 1978) . Sediment input by local rivers (~20 tons/yr; Eisma and Van der Marel, 1971 ) is much smaller than the Amazon contribution (Eisma and Van der Marel, 1971; Gibbs, 1976) . Storm events are absent in this equatorial setting, which increases the relative importance of seasonal meteorological and fluvial variations in regulating sediment flux to this muddy coast (Allison et al., 2000) .
Materials and methods
Sampling and facies description
Sedimentary records consist of exposed terraces, trenches and cores described and sampled from the town of Calçoene (Figure 1c ) using a Russian Sampler (see Aquatic Research, 2006) with the geographical and topographical position of the transection obtained from the digital elevation model based on SRTM and Landsat/TM data analysis presented by Guimarães (2011) . Following the proposal of Walker (1992) , facies analysis included descriptions of color, lithology, texture and structures. X-ray radiographs aided the identification of sedimentary structures. The interpretation of the sedimentological data in this paper is also based on clastic tidalite process-response models (after Klein, 1971) . Thus, tidal transport can be divided into ten physical phases (see the section 'Geological and physiographic setting'). Each of these phases tends to develop its own association of sedimentary structures and textural features. The association of transport processes with a diagnostic association group of sedimentary structures and textural parameters is a process-response association. The sedimentary facies was codified following Miall (1978) . Morphostratigraphic concepts such as the organization and correlation of sediment strata based on their surface morphology, lateral coexistence and superposition through time were applied following the geomorphological analysis developed in the same study site (Guimarães, 2011) .
The sedimentary records were acquired from a transitional sector between the coastal plateau and plain related to palaeochannels setting colonized by 'várzea' (G5 core to 1.5 m depth, 02°34′42″N, 50°53′11″W), tidal flat colonized by herbaceous field (GI exposed terrace and core to 2 m depth, 02°35′30″N, 50°52′37″W) and mangrove (G4 core to 1 m depth, 02°36′00″N, 50°52′06″W; G3 core to 1.5 m depth, 02°35′59″N, 50°51′29″W; G2 core to 1.5 m depth, 02°36′07″N, 50°50′48″W) and chenier ridge (GC's trenches and cores to 2 m depth, 02°36′10″N, 50°50′50″W).
Pollen and spore analyses
Subsamples of 1 cm 3 of sediments were picked in 5 cm intervals along the sedimentary facies of the cores. One tablet of exotic Lycopodium spores was added to each sample for the calculation of pollen concentration (grains/cm 3 ). All samples were prepared using standard techniques of pollen analysis including acetolysis (Faegri and Iversen, 1989) . Handbooks of pollen and spores morphology were consulted (Colinvaux et al., 1999; Hesse et al., 2008; Roubik and Moreno, 1991) jointly with the reference collection of the 'Laboratório de Dinâmica Costeira -UFPA' to identify pollen grains and spores. Samples were counted to a minimum of about 300 pollen grains. The total pollen sum only considers pollen grains and excludes algae, microforaminifers, fungal and fern spores. Thirty pollen taxa were identified. Pollen and spore data are presented in pollen diagrams as percentages of the total pollen amount. Taxa were grouped into Mangrove, Herbaceous field, 'Várzea' and Transitional/Secondary Forest (TSF). The software Tilia and Tilia Graph were used to the calculation and plotting of pollen diagrams. The pollen diagrams were statistically subdivided into zones of pollen and spores assemblages based on square-root transformation of the percentage data and stratigraphically constrained cluster analysis by the method of total sum of squares (Grimm, 1987) .
C/N, carbon and nitrogen isotopes
Leaves of the most abundant genera were collected to heights of up to 2 m, to identify the carbon isotopic signatures and better define the sources of organic matter preserved in the sediments. Additionally, the δ 13 C, δ
15
N and elemental C and N (C/N) amounts were analyzed from sediment samples (6-50 mg) taken at 5 cm intervals along the sedimentary facies. Samples of leaves, roots, etc., were separated and treated with 4% HCl to eliminate carbonates, washed with distilled water until the pH reached 6, dried at 50°C and homogenized. These samples were used for total organic carbon and nitrogen analyses, Where: R S1 and R S2 are, respectively, the 13 C/ 12 C and 15 N/ 14 N ratios in the sample, R PDB the 13 C/ 12 C ratio for the international standard (VPDB) and R Air the 15 N/ 14 N ratio for atmospheric air. The results are expressed in delta per mil (δ ‰) notation, with analytical precision better than 0.2‰ (Pessenda et al., 2004) .
The organic matter source will be environment-dependent with different δ 13 C, δ (Deines, 1980; Meyers, 1994; Tyson, 1995) . In C 3 -dominated environments, freshwater algae have δ 13 C values between −25‰ and −30‰ (Meyers, 1994; Schidlowski et al., 1983) and marine algae around −24‰ to −16‰ (Haines, 1976; Meyers, 1994) . In C 4 -dominated environments, algae can have δ 13 C values ≤16‰ (Chivas et al., 2001) . Bacteria have δ
13
C values ranging from −12‰ to −27‰ (Coffin et al., 1989) . In general, bacteria and algae have C/N ratios of 4-6 and <10, respectively (Meyers, 1994; Tyson, 1995) . Fluvial δ 13 C POC values result from freshwater phytoplankton (−25‰ to −30‰) and particulate terrestrial organic matter (−25‰ to −33‰). However, marine δ 13 C POC ranges from −23‰ to −18‰ (e.g. Barth et al., 1998; Middelburg and Nieuwenhuize, 1998) . Peterson et al. (1994) found values from marine δ 13 C DOC between −22‰ and −25‰, and freshwater between −26‰ and −32‰. Thornton and McManus (1994) and Meyers (1997) 
Radiocarbon dating
Seven bulk samples of ~2 g each were used for radiocarbon dating. The sediment samples were checked and manually cleaned under the microscope. The organic matter was submitted to chemical treatment to remove eventual presence of younger organic fraction (fulvic and/or humic acids) and carbonates. It consists of extraction of residual material with 2% HCl at 60°C during 4 h, washed with distilled water until neutral pH and dried (50°C). The sediment organic matter was analyzed by Accelerator Mass Spectrometry (AMS) at the Center for Applied Isotope Studies (Athens GA, USA) and Physikalisches Institut, University of Erlangen (Nürnberg, GER). Radiocarbon ages are reported in years before ad 1950 (yr BP) normalized to δ 13 C of −25‰VPDB and in cal. yr BP with precision of 2σ using CALIB 5.1 beta (Reimer et al., 2004; Stuiver and Reimer, 1993) . 
Results δ
C values of vegetation
Age model and sedimentation rates
The respective radiocarbon ages and sedimentation rates of the sediment samples are described in Table 2 and Figure 2 . The sedimentation rates are based on the ratio between the depth intervals (mm) and the mean time range. The calculated sedimentation rates to the studied cores are between 0.14 and 2.7 mm/yr. The G2 shows 0.22 (130-65 cm) and 2.7 mm/yr (65-0 cm). The G3 exhibits rates of 0.35 mm/yr (150-100 cm) and 0.72 mm/yr (100-0 cm), the G4 shows 0.40 mm/yr (100-0 cm), and the G5 presents 0.32 mm/yr (150-70 cm) and 0.25 mm/yr (70-0 cm).
Facies descriptions
The sediment records consist mostly of peat, massive mud, laminated, inclined mud, bioturbated mud and sand, and fine sands with cross-lamination (Figure 2, Table 3 ). Pollen and spore records, δ 13 C, δ 15 N and C/N values were added to facies characteristics in order to define five facies associations that represent typical tidal flat setting with chenier development (Figures 3, 4 , 5 and 6).
Facies association A (palaeochannel upper deposit). This associ-
ation only occurs in the G5 core from 5280 to 5160 cal. yr BP until the present (Figures 2, 3a, b) . These deposits feature laminated mud, convolute laminations and fine root marks (facies Ml), deposited from suspension with episodes of differential compaction and hydroplastic readjustment (Dott and Howard, 1962) . These sediments were overlaid by peat material (facies Pt) indicating predominantly autochthonous conditions from 2840-2750 cal. yr BP until the present (Figure 2 , Table 3 ).
The pollen assemblages of association A correspond to Zone G5A and G5B, related to facies Ml and Pt, respectively (Figure 3a) . Zone G5A (5280-5160 to 2840-2759 cal. yr BP) is characterized by the predominance of trilete psilate (77-95%) and Polypodiaceae (3-25%) spores. In Zone G5B (2840-2760 cal. yr BP until the present), Poaceae pollen (0-95%) appears with very high values. Papilionoideae (0-20%), Euphorbiaceae (0-14%) and Montrichardia (0-7%) are the main representatives of 'várzea' pollen. Polypodiaceae and trilete psilate spores (0-100%) are also present. 
Facies association B (small-scale point bar). The association B
only occurs in the GI exposed terrace and core (Figure 2 ). It consists of massive mud with basal quartz granules (facies Ml) and inclined laminae of mud and organic matter -OM films (facies Mi), which record a product of point-bar lateral accretion within a small-scale meandering creek with high suspended load draining tidal mudflats (e.g. Thomas et al., 1987 ; Figure 2 , Table 3 ). Table 3 ).
Facies association C (herbaceous field
The pollen assemblages of association C are dominated by herbaceous pollen and correspond to Subzone G2A 1 (3170-2970 cal. yr BP; Figure 5a ) and Zone G3A (2770-2710 to 1350-1290 cal. yr BP; Figure 5a ). Subzone G2A 1 mainly presents Poaceae (50-90%), Polygonum (0-29%) and Borreria (0-14%) pollen. Zone G3A is represented by the predominance of Poaceae (42-94%) and Cyperaceae (6-42%) pollen. Avicennia pollen (0-15%) are also found, but with very low percentages. The δ 13 C values (−20.9‰ to −28‰), increase in trend of the C/N ratio (6-27) and a decrease of δ 15 N (2.3‰ to −0.8‰) suggest Table 2 . List of radiocarbon dates (AMS) calibrated by CALIB 5.1 beta (Reimer et al., 2004; Stuiver and Reimer, 1993 higher influence of terrestrial organic matter in relation to aquatic material (Figures 4b and 5b) . Table 3 ). This association corresponds to Zone G2B (Figure 4a ), G3B ( Figure 5a ) and G4A/G4B (Figure 6a ). Zone G2B (220-140 cal. yr BP until the present) is mainly composed of Rhizophora (5-70%) and Avicennia (5-60%). Poaceae (2-70%), Cyperaceae (0-30%), Papilionoideae and Mimosoideae (0-20%) represent the main families of herbaceous field and 'várzea' along this zone. Zone G3B (1350-1290 cal. yr BP until the present) exhibits Avicennia (10-36%) and Rhizophora (0-19%) pollen. Poaceae (10-70%) and Cyperaceae (0-28) are still present. Papilionoideae and Apocynaceae (0-10%) related to 'Várzea' and TSF pollen, respectively, reveal lower percentages. Zone G4A/G4B (2630-2310 cal. yr BP until the present) is represented by mangrove pollen of Rhizophora (5-35%) and Avicennia (2-15%), and by Poaceae (27-80%) and Cyperaceae (0-55%) pollen. The δ 13 C values ranging between −25‰ to −28.3‰, δ 15 N values (0.9‰ to 5‰), and C/N values between 1 and 25 also are indicative of marine and freshwater organic matter (Figures 4b,  5b and 6b) .
Facies association D (mangrove)
.
Facies association E (chenier/tidal mixed flat).
The deposit consists of erosive base, fine sand with low-angle (Sla) and ripple cross-laminations (facies Sc) produced by wave activity. Fine to very fine sand with bioturbation (facies Sb) and mottling features probably related to illuviation and vegetation development can also be observed in the upper chenier deposit (Figure 2, Table 3 ). Pollen was not found in the association E, which corresponds to Subzone G2A 2 (3170-2970 cal. yr BP and 220-140 cal. yr BP; Figure 4a ). The δ 13 C values varied from −20.9‰ to −26.9‰, the δ 15 N from 0.4‰ to 4‰ and the C/N values from 9 to 18. These may be indicative of a mixture of terrestrial and marine organic matter (Figure 4b ).
Discussion
Palaeoenvironmental interpretation
Proximal portion. This zone of the tidal flat is related to the transitional sector between the coastal plateau and plain (Figures 7  and 8 ) where abandoned channels were identified. Therefore, the interpretation of the proximal portion is supported by the location of the sampling site on a meandering abandoned channel in this sector. It represents the final filling stage of the concave-up feature formed by a process of channel abandonment that contributed to water accumulation under very low energy flows. Ferns and other terrestrial vegetation composed the surroundings of the formed lake since 5280-5160 cal. yr BP. The source of siliciclastic mud ceased and autochthonous organic material became prevalent as well as the increase in contribution of freshwater organic matter, mainly from 'várzea' vegetation during the last 2840-2750 cal. yr BP (Figure 7) . The herbaceous field is characterized by very low drainage density related to the rapid shifting, abandonment and silting of tidal channels resulting in small-scale point bars, elongated lakes and lake belts associated with abandoned channels. This setting is a product of small accommodation space and high rates of vertical accretion with large concentration of muddy sediments continuously supplied by the Amazon River, which limited the tidal flat drainage by the silting of the tidal channels and a decrease of aquatic influence. Thus, it represents the top of a tidal flat cycle (e.g. Klein, 1971) . Other studies focused on the coexistence of arboreal and herbaceous strata in the Amazonia also indicate a dynamic history of channel abandonment, which controlled a set of interrelated parameters (soil type, topography and hydrology) that determined species location (e.g. Horbe et al., 2011; Rossetti et al., 2010) . In the Marajó Island, as the channels became progressively abandoned and filled with sandy sediments, the sand bodies acted as freshwater reservoirs, and also stood slightly higher in the landscape owing to the positive topography of marginal levees, eventually remaining above water level even during rainy seasons, configuring substrates favorable for tree growth (Rossetti et al., 2010) . However, the tidal flat of the study site is mud-rich in nature and did not present marginal levees. Guimarães (2011) proposed that the restriction of this drainage system by the silting of the tidal channels with muddy sediments prevented the formation of water reservoirs and it favored the development of stressful conditions to colonization of arboreal strata such as mangrove and 'várzea'. Furthermore, its relatively higher topography prevents tidal water influence and mangrove development. Thus, the herbaceous field may be considered as a supratidal environment with a lower aquatic influence.
Herbaceous field already colonized the tidal flat before 3170-2970 cal. yr BP, and subsequently after 2630-2310 cal. yr BP and 1350-1290 cal. yr BP, they were replaced by mangrove vegetation under brackish water influence (Figure 7) . Therefore, the herbaceous field/mangrove transition suggests that supratidal became locally intertidal due to the development of secondary channels with marine influence (Figure 8 ).
Distal portion. This zone is mainly characterized by chenier ridges that represent extensive, straight to slightly curved sand bodies overlaid on mangrove and herbaceous field deposits, indicative of ancient shorelines and interruption of mud flat progradation (Guimarães, 2011) . Various studies have shown that chenier ridges occur most commonly on lowrelief coastal plains, their crests generally lying several meters above the surrounding marshland (Augustinus, 2004; Augustinus et al., 1989) . These ridges can be further classified as 'transgressive' (landward migration) in relation to the movement of the shoreline (Curray, 1964) , implying strong erosive processes with intense retrogradation (Ramirez and Yáñes-Camacho, 2008 ). Deposition of sand by swash and backwash on gently sloping surface.
Cross-laminated sand (Sc)
Olive gray, well sorted, fine to very fine sand with ripple cross-lamination.
Migration of small ripples during low energy flows. Sediment homogenization and mottling by biological activity and diagenic process, respectively, which may be obliterated primary sedimentary structures. Considering the studied site, a retrogradation cycle resulted in the erosion of herbaceous field owing to wave-winnowing of muddy sediments and subsequent concentration of coarser particles with terrestrial and marine organic matter to form chenier ridges/tidal mixed flat after 3170-2970 cal. yr BP and before 220-140 cal. yr BP in the distal portion of the tidal flat (Figures 7 and  8) as well as the herbaceous field/mangrove transition in the proximal portion.
Driving forces to geomorphology changes
Accretion-or erosion-dominated muddy shore profiles may be formed by decadal northwestern migration of shoreface-attached mud banks, allowing the evolution of accretion (mudflat) and erosive (chenier ridges) profiles, respectively (Anthony et al., 2010) . The mud-bank formation is controlled by the physical oceanography of the Amazon continental shelf, which is an initial sea floor storage area for much of the suspended sediment discharged by the Amazon River (Allison et al., 2000; Geyer et al., 2004) . The mud supplied from the Amazon River is reworked on the Amazon shelf of Brazil (Amasseds, 1990) and is finally transported northwestward. Of this sediment, 60-70% is advected in a highly turbid suspension layer by tidal and local currents, and the rest migrates as shoreface-attached mud banks (Lefebvre et al., 2004; Wells and Coleman, 1978) . The Amapá coast appears to be the location of mud banks generation for the entire northeastern coast of South America (Allison et al., 2000) . This sediment is then remobilized and transported shoreward and then alongshore by a complex combination of wave forcing, tidal currents and wind-induced coastal currents. As demonstrated by Gardel and Gratiot (2005) , mud-bank migration rates can vary both alongshore and in time (spatial-temporal), suggesting variations in the dynamic of mud-bank and inter-bank phases.
The mud banks undergo migration over decadal time frames (Froidefond et al., 1988) related to the supply of sediment from the Amazon River and wind patterns and intensity that affect the wave regime on the coast of Amapá. The most rapid migration rates are observed in regions where the orientation of the trade winds tends to be alongshore. Thus, mud banks migrate faster in Surinam and in Guiana than in French Guiana (Augustinus, 1987; Eisma et al., 1991) . Additionally, the littoral is thus easily eroded when mud banks migrate (e.g. Allison et al., 2000; Augustinus, 2004 ).
According to Anthony et al. (2010) , the high mud supply from the Amazon River has produced a Holocene clinoform structure throughout the Amapá coast into Venezuela over millennium timescales. The uppermost portion of the clinoform is the shoreline and corresponds to the modern sedimentary deposit near mean sea level (Allison and Nittrouer, 1998) . In the Amapá coast, shoreline aggradation of 5-10 m has occurred, and its deposits are prograding across the lowermost strata related to the modern subaqueous delta form (e.g. Walsh and Nittrouer, 2009) . However, our data show a retrogradational pattern after 3170-2970 cal. yr BP that indicates a complementary role of other hydrodynamic mechanisms on long-term costal dynamics.
Relative sea level may be affected also by other forces such as precipitation, which strongly influences runoff and river discharge and can result in relative sea-level variations (e.g. Mörner, 1996) . Therefore, at a regional level, marine transgressions may be caused by regional wet events (Mörner, 1999) . In this context, considering hydrological and climatic processes in the Amazon region, several palaeoecological studies indicated a drier climate during the early and mid Holocene with increase of rainfall in the late Holocene (Behling and Hooghiemstra, 2000; Bush et al., 2007; Freitas et al., 2001; Mayle and Power, 2008; Pessenda et al., 1998; Sifeddine et al. 2001) .
These climate changes in the Amazon basin have controlled the Amazon River discharge (e.g. Maslin and Burns, 2000) , and its flux may have been severely reduced during this mid-Holocene dry period (Guimarães et al., 2012) . During this time interval, mangroves were established instead of the current 'várzea' forest on tidal flats at the mouth of Amazon River. After this drier event, a return to more humid climate conditions occurred with the increase of Amazon River inflow most likely similar to those prevailing today (e.g. Behling and Hooghiemstra, 2000; Bush et al., 2007; Guimarães et al., 2012; Mayle and Power, 2008; Weng et al., 2002) . Consequently, the mangroves were replaced by 'várzea' due to the decrease of tidal water salinity along salinity gradients in the coastline influenced by the Amazon River (Guimarães et al., 2012; Smith et al., 2011) .
The Calçoene coastal plain is more influenced by marine waters than sites near the mouth of the Amazon River. Thus, the effects of increase in Amazon River inflow during the late Holocene were not strong enough to result in the replacement of mangrove by 'várzea', such as the ones which occurred in the vicinity of the mouth of Amazon River after 5290-5150 cal. yr BP (Guimarães et al., 2012) . However, the dynamic effects of the increase of river discharge may have produced a relative sea-level rise and a retrogradation pattern with erosion of herbaceous field to chenier development as well as mangrove migration on the herbaceous field in the study site
Conclusion
The integrated geomorphological, sedimentological, palynological, C/N ratio and isotope data indicate that vegetation development along the Calçoene coastal plain was basically influenced by the tidal channel dynamic, chenier ridge formation and relative sea level during the last 5000 cal. yr BP.
The proximal portion of the tidal flat is related to the final filling stage of the abandoned channel that contributed to water accumulation under very low energy flows, fern and other terrestrial vegetation establishment surrounding the formed lake since 5280-5160 cal. yr BP. The source of siliciclastic mud ceased and autochthonous organic material, mainly from 'várzea" vegetation, became prevalent during the last 2840-2750 cal. yr BP. Herbaceous field already colonized the tidal flat before 3170-2970 cal. yr BP, and subsequently, after 2630-2310 cal. yr BP and 1350-1290 cal. yr BP, they were replaced by mangrove vegetation under brackish water influence following the development of secondary channel connected to the sea. Furthermore, the erosion of herbaceous field owing to wave-winnowing of muddy sediments and subsequent concentration of coarser particles to form chenier ridges/tidal mixed flat after 3170-2970 cal. yr BP and before 220-140 cal. yr BP in the distal portion of the tidal flat reinforces the interpretation of a retrogradation cycle in the study site during this time interval. This process was driven by a relative sea-level rise influenced by the increase of Amazon discharge.
